The potential for enhanced mobility of hydrophobic pollutants by cotransport with bacteria in saturated soils was evaluated from measurements of biosorption of 14C-labeled hexachlorobenzene and dichlorodiphenyltrichloroethane (DDT) to five strains of soil and sewage bacteria. The sorption process could be described by a linear partition equation and appeared to be reversible, but desorption kinetics were slow and/or partly irreversible. The DDT partition coefficients varied with equilibration time, possibly reflecting DDT-induced changes in the physiology of the bacteria. The partition coefficients, normalized to the masses of the bacteria, ranged from 250 to 14,000 for live cells, but the largest coefficients were associated with autoclaved cells of a Pseudomonas sp. The sorptive capacity of the bacterial biomass was greater for DDT than for hexachlorobenzene but was not correlated to overall bacterial hydrophobicity, measured by hydrophobic interaction chromatography. In a column study, 1.2 x 109 cells of a Bacillus sp. strain per ml enhanced DDT transport about 8-fold, whereas an advective-dispersive-sorptive equilibrium model for two mobile phases, water and free-living bacteria, suggested a 14-fold enhancement, based on the DDT partition coefficient. The disagreement was in part due to a retarded nonequilibrium movement of the bacteria. Model calculations based on literature data covering a wide range of organisms and compounds suggested that 106 cells ml-1 would increase
The extent to which hydrophobic pollutants interact with the inorganic and organic fractions of the soil affects their concentration in the soil solution and, consequently, the potential for pollutant transport in groundwater. Binding of a pollutant may be a first step in its chemical and/or microbiological transformation (32) or may lead to reduced availability for degradation (24, 30) . The occurrence in deep groundwater aquifers of hydrophobic pollutants, e.g., dichlorodiphenyltrichloroethane (DDT), with octanol-water partition coefficients of 105 to 106 has been attributed to partitioning of the compounds to dissolved organic macromolecules and colloids, which may increase pollutant solubility and mobility in the aqueous phase (9, 23) . Bengtsson et al. (2) showed that 500 mg of a hydrophilic polysaccharide per liter enhanced mobility of hexachlorobenzene by about 25% in a saturated sandy soil. Size and structural differences between macromolecules may modify the importance of facilitated transport. Enfield et al. (11) reported that the macromolecule-water partition coefficient of hexachlorobenzene (HCB) to three kinds of macromolecules (dextran, humic acid, and dissolved organic carbon of ground water) ranged from 103 to 106.
As far as we know, the influence of biosorption, here defined as the mechanisms through which organic compounds become associated with microorganisms, on the * Corresponding author. ,um for groundwater bacteria [14] ). Potentially, trace organic compounds may be transported over great distances by bacteria, which are known to disperse up to 800 m (13) ; The average velocity of dispersal may exceed the interstitial water velocity because of size exclusion or transport in macropores (16) . The total bacterial counts in pristine subsurface sediments and groundwater typically range from 105 to 107 cells per g of sediment or ml of groundwater (14) . A dry matter content of 16 x 10-13 g cell-' (15) and a carbon/dry weight ratio of 45 to 50% (3), corresponding to 0.08 to 8 mg of organic carbon per liter of groundwater or kg of soil, have been estimated for bacteria in litter and soil.
However, higher cell numbers may be seen at contaminated sites. For instance, White et al. (38) , using phospholipids and other biochemical markers for biomass, estimated a bacterial density of 109 cells g of sediment-1 in a wastewater-receiving aquifer 410 m below the surface.
Work on biosorption has emphasized either uptake and transport through aquatic food chains (25) or the fate of pollutants entering biological wastewater treatment systems (28, 34 ). There appears to be no consensus in the literature on biosorption (1, la, 20) about the mechanisms of biosorption, which have been proposed to be either an active process (19) or a passive physical process (33) . Biosorption to bacteria is generally considered to be a rapid process, reaching equilibrium within an hour, but much longer times have been reported (7, 17) . A wide range of sorption coeffi-2212 LINDQVIST AND ENFIELD cients for different organic compounds to different microorganisms has been found. The variation has been related to both the organic carbon and lipid contents of the microorganisms (27) and, later, when literature data on partitioning to octanol and bacteria were found to be related in a log-linear manner, to compound solubility (1).
In previous work, an advective-dispersive-sorptive model for two mobile phases (see Appendix) was used to describe the facilitated transport of anthracene, HCB, and pyrene by a hydrophilic macromolecule (2, 9, 11) . The objective of this work was to evaluate the potential of free-living bacteria to facilitate the transport of hydrophobic compounds in groundwater. DDT and HCB sorption to bacteria was examined with respect to magnitude, linearity, reversibility, and kinetics, and the predictive capability of the model was tested by comparing DDT To investigate whether sorption was an active process, requiring energy, the sorption studies were also carried out on autoclaved cells. The stock solution was autoclaved at 121°C for 20 min, diluted with filter-sterilized groundwater, and used in the experiments.
Desorption of the compounds was measured after equilibration with bacteria for 20 h. The solution was centrifuged (10,000 x g, 10 min) in 250-ml stainless steel centrifuge tubes (DuPont). The bacteria were resuspended in an adequate volume of groundwater after the supernatant was discarded. The suspension was transferred to a BOD flask and attached to the orbital shaker at 150 rpm; the activity of sorbed and dissolved compound was determined as described above after 20 h. In one experiment, the desorption process was evaluated by successive extraction of the bacteria with fresh groundwater solution. Desorption was measured after 3 h as described above. Then the suspension was centrifuged again, the bacteria were resuspended and desorption was measured after a second 3-h period. This procedure was repeated, and desorption was measured after 24 h. In addition to quantifying desorption by linear regressions, the following equation was also used to calculate the predicted desorption in the experiments (1), fraction desorbed = 1/[(m/V) x Kp + 1], where m is total biomass in the system, V is the mass of water, and K is the bacteria-water partition coefficient for the compounds. The rationale for using the equation was based on the assumption that the sorption and desorption partition coefficients were the same; this assump- DDT transport in sand columns. The influence of bacteria on DDT transport was studied in sand columns with cells of the most sorptive strain, CB2. Groundwater with '4C-labeled DDT alone or with 3H-labeled bacteria was loaded into a stainless steel column (5 cm long and 5 cm wide) with an ISCO LC-5000 syringe pump placed ahead of the column; the concentrations of DDT and bacteria in the effluent were monitored by collecting samples in a fraction collector, measuring the sample volume, and quantifying the radioactivity. The different parts were connected by 1/8-in. (ca. 3.1-mm) stainless steel tubing. A coarse Texas sand (Texas Mining Corp., Brady, Tex.) with particle sizes of 1.0 to 1.2 mm diameter was chosen to minimize the effects of bacteria sorbing to sand. A more detailed description of the methodology for the column study was published previously (22) . The column was preweighed, carefully filled with sand, and weighed again, and the mass of the sand was calculated. The stainless steel columns were saturated by displacing the air with water from a siphoning bottle. Aqueous dispersion coefficients and column dead volume were determined in the column experiments by using a conservative tracer (3H20) before DDT and bacteria were loaded into the columns. The loading suspension was fed to the column at a flow rate of 32 ml h-1 (interstitial velocity, 5.5 cm h'-) for 27 pore volumes, followed by 23 pore volumes of groundwater. Samples from the reservoir were taken during the experiments, and total 14C and 3H activities were counted as described above with the liquid scintillator set up for dual isotope counting. To compensate for metabolism of the 3H label, the dissolved 3H activity (activity that passes a 0.22-,um-pore-size filter and represents loss of label) was also counted. The mass of label retained in the bacteria decreased with time, and so CO (concentration of cells in the loading solution [disintegrations per minute per milliliter]) had to be adjusted during the experiment. The dissolved activity in the column effluent was also followed and subtracted from the total effluent activity to get the activity corresponding to bacteria in the aqueous phase. At the end of the experiments, the sand and the column were extracted separately with dichloromethane. The radioactivity in the extract solution was immediately quantified, and a mass balance for the whole experiment was calculated.
The sorption of "4C-labeled DDT to Texas sand was measured independently in a batch experiment. DDT in 3 ml of filter-sterilized groundwater (1.5 to 2.9 ,ug liter-l) was equilibrated in duplicate with 1 g of sand in Pyrex test tubes. The test tubes were put on a rotary shaker for 1 h and then allowed to stand for 9 h to let the sand settle before sorption was quantified. Test tubes without sand were included as controls for sorption to glass. The aqueous ['4C]DDT activities before and after the experiment were quantified by counting on the liquid scintillator, and the mass of sorbed DDT was calculated by taking the difference between the activity in the controls and that in the samples.
Control of biotransformation. The potential for biodegradation of DDT or HCB during the experiments was estimated by incubating bacteria of the five different strains with either of the compounds in 100 ml of groundwater on the orbital shaker (150 rpm) for 48 h at 18 to 22°C. Samples with DDT or HCB in groundwater but without bacteria were used as controls. After incubation, the solution was centrifuged in stainless steel centrifuge tubes and the supernatant and the pellet were extracted, each with 4 ml of hexane. The hexane extracts were pooled after water had been removed with anhydrous Na2SO4. The pooled samples were evaporated to approximately 1 ml under a stream of nitrogen; 1 ml of isooctane was added, and then the samples were further evaporated to 0.5 ml. The exact sample volume was measured, and the samples were analyzed on an HP 5880A gas chromatograph equipped with a 63Ni electron capture detector. The DB5 column used was 60 m by 0.25 mm (inner diameter) with hydrogen as a carrier gas. The column was operated with a linear carrier gas velocity of 56 cm s-1. An on-column injector was used, and the sample volume injected was 1 ,u. The injector temperature was 150°C, and the detector temperature was 350°C. The Fig. 1 . The desorption partition coefficients for all live strains were 1.5 to 9 times higher than the adsorption (used here to describe direction, rather than mechanism) coefficients (Table 2) , implying an incomplete reversibility. For some of the strains, the desorption isotherm became linear only as a result of the zero values, because all other data points were limited to a narrow concentration range. The potential for sorption irreversibility was independently estimated by subtracting the calculated fraction desorbed, 1I[mIV(Kp + 1)], from the mass sorbed (based on the sorption coefficient) and comparing the predicted and observed masses. For all combinations of compounds and strains, the amount of mass desorbed was significantly less than that predicted from the The partition coefficients measured after 2, 20, and 48 h showed some variation. The DDT partition coefficients to strain I increased between 24 and 48 h, whereas a decrease in DDT partitioning to strain CB2 was seen between 2 and 20 h (Table 3) . A closer examination of the kinetics after extended equilibrations was made by measuring the sorption of DDT to strain I in test tubes for 64 h. The resulting partition coefficient after 1 h was 837 + 82 (standard error), which is only 66% of the coefficients measured in the BOD flasks ( Table 1 ). The coefficient was constant during the experiment (858 ± 168 after 64 h).
The possibility that the changes of the partition coefficients were caused by changes of the bacterial cells during the incubation rather than by kinetics was examined in a sorption experiment with bacteria that were kept in groundwater for 24 h before DDT was added. The measured K s after 20 h of sorption were 1,022 + 58 and 9,421 + 656 for strains I and CB2, respectively. These numbers were practically the same as the KPs after 20 h for cells that were used directly after transfer to groundwater (1,271 [ Table 3 ] and 10,395 [ Table 1 ], respectively).
The sorption partition coefficients for autoclaved cells of strain I were 20 and 70 times greater than those for live cells with DDT and HCB, respectively ( Table 1) . Desorption of the compounds from autoclaved bacteria of strain I was limited, and the ratios of desorption coefficients to sorption coefficients were 10 and 1.3 for DDT and HCB, respectively; these ratios are in the same range as those for live cells. The overall surface hydrophobicities covered the whole spectrum from very hydrophilic to hydrophobic strains, for which nearly all of the cells were retained in the gel (Table  4) . Interestingly, autoclaving made the cells of strain I more hydrophobic, which may explain the observed higher partition coefficients (Table 1 ). The reproducibility of the HIC method between batches was acceptable, e.g., strain IS1 cells grown 1 week apart had the same hydrophobicities. A plot of K, versus the percentage of cells retained in the gel showed no correlation (r2 = 0.03, n = 6). However, the hydrophobicities of gram-negative live cells and Kp were correlated (r2 = 0.92, n = 4).
The DDT partition coefficient (Kd) to Texas sand was 9.8, corresponding to a retardation factor of 59.8, which means that the DDT curve in the absence of bacteria would trail 58.8 pore volumes behind the water breakthrough curve. However, the DDT breakthrough was not an equilibrium process (Fig. 2) . After the experiment, about 50% of the added DDT was found on the stainless steel column; in the presence of bacteria, only 5% of the added DDT was found on the column. The presence of mobile CB2 cells enhanced the transport of DDT about 8-fold (a relative concentration, i.e., the concentration in the column effluent to the concentration in the loading solution [C/CO] of 0.5 was reached after 7.7 pore volumes), whereas the model, with a K, of 10, 395 ( Table 1) , suggested a 14-fold enhancement (a C/CO of 0.5 after 4.4 pore volumes) (Fig. 2) . The disagreement between the predicted and observed shapes of the loading part of the curves may be partly explained by the retarded nonequilibrium-type breakthrough of the CB2 cells. The best-model fit to the facilitated DDT transport data was obtained with a Kp of 4,876 + 1,313 (±95% confidence interval). Model simulations suggested that ignoring the facilitated transport by bacteria with K s similar in magnitude to those of the strains used in this study would probably not be a serious omission in pristine groundwater aquifers (<106 cells ml-'). At contaminated sites, with high bacterial numbers associated with high levels of dissolved organic carbon or with combinations of strains and compounds producing larger K s, the impact of facilitated transport by bacteria may be significant.
DISCUSSION
The potential for bacteria to facilitate the transport of organic compounds through soil depends on two main processes: biosorption (the interaction between the compounds and the bacteria) and the mobility of the bacteria. Thermodynamically, the biosorption equilibrium can be defined as the state at which the fugacities of the compound in the sorbed and solution phases are equal. The fugacity can be expressed as the product of an activity coefficient, a reference-state fugacity, and the phase concentration. In general, the activity coefficients are concentration dependent, but in sufficiently dilute systems the coefficients will approach a constant value and the isotherms will be linear (5) . In the present study, low concentrations of HCB and DDT, covering a narrow concentration range due to the low aqueous solubility of these compounds (6 and 3.3 ,ug liter-', respectively), were used, so linear sorption isotherms were expected. Similarly, Johnson and Kennedy (17) found DDT biosorption to two strains, Aerobacter aerogenes and Bacillus subtilis, to be linear.
In all desorption experiments, the expected fraction desorbed was between 24 and 68% of the total mass sorbed, which was considered to be above the detection limit for the liquid scintillation method. For some of the strains, only half of the predicted mass desorbed, resulting in low activities in the same range as the experimental errors of the analytical method, which was probably a major reason for the apparent lack of linearity for some of the desorption isotherms. The difference between expected and observed desorptions may have resulted from an apparent hysteresis (such as incomplete sorption equilibrium, desorption kinetics, or artifacts of the experimental method) or a true hysteresis (such as irreversible sorption, physical binding, or other sorption mechanisms than hydrophobic sorption) (5). All of these explanations, except for artifacts of the experimental method, imply that sorption is not a fast or reversible equilibrium process. Biosorption has been found to be reversible (6, 25) , but in some cases there appears to be a fraction that is irreversibly sorbed (17) . The liquid-liquid extraction theory predicts that a constant fraction of a reversibly sorbed mass should be removed for each successive extraction of the biomass. DDT as that for strain I after 20 h, has also been found for other bacteria in 24-h sorption studies (7, 17) , but neither Chacko and Lockwood nor Johnson and Kennedy commented on the phenomenon.
The measured DDT and HCB partition coefficients were in the same range as the few partition coefficients that have been reported earlier for these compounds (1, 17 (3) . Consequently, the bacteria in the present study were much less efficient than average soil organic carbon in sorbing aromatic compounds.
The sorption variation between strains could not be explained by surface hydrophobicity, since there was a poor correlation of Kp with overall bacterial surface hydrophobicity. However, the uptake may have been a combination of both adsorption and absorption (33, 37) . In support for both mechanisms, Poglazova and Meisel (29) the cells after autoclaving showed that the cells were not ruptured, although they appeared to be smaller.
Two of the assumptions in the model were not met; a fast reversible sorption equilibrium and nonretarded bacteria. The slow or limited desorption would enhance the facilitated transport, whereas the retarded bacteria would have the opposite effect. The sharp drop of the elution part of the DDT breakthrough curve compared with the predicted curve (Fig. 2) may be caused by the slow DDT desorption. When the average bacterial velocity was adjusted from 5.5 to 4.2 cm h-1 (based on a bacterial retardation of 1.3; a C/CO of 0.5 was reached after 1.3 pore volumes [ Fig. 2] ), the best model fit produced a Kp of 6,737 + 1,882 (95% confidence interval), which was closer to the batch Kp (Table 1) than was the best fit assuming equal velocities (Kp = 4,876). The effects of a slower interstitial velocity of bacteria compared with water should be addressed in a model for facilitated transport but is complicated by the sorption nonequilibrium responsible for the retardation (22) .
A general evaluation of the influence of bacterial densities and biosorption on the facilitated transport of organic compounds was made based on a wider range of organisms and compounds. A theoretical figure was developed where Kp was estimated from its relation with Kow (1). In column experiments, HCB mobility has been demonstrated to increase 25% in the presence of 500 mg of dextran, a hydrophilic macromolecule (2), per liter. Bacteria have the same influence on compounds with a log Kow of >4 at densities of 108 cells ml-1' but, for compounds that are more hydrophobic than DDT and HCB (Fig. 3) , already at densities of about 106 cells ml-1.
Future research on bacterial transport, biosorption (the main determinants of facilitated transport by bacteria), and the dynamics of cell exchange between soil particles and the interstitial water during pulses of nutrients or pollutants is needed and may improve the predictive capability of the model for facilitated transport. However, aquifer restoration procedures involving either growth enhancement of the indigenous bacteria or injection of specific bacteria may be cases where facilitated transport has to be taken into consideration. (6) Similarly, we get a dimensionless soil-water partition coefficient, kasOpa Cs ksa(l-f)Ps Ca (7) A new variable, C*, the total mass concentration of the pollutant in the mobile phases, is defined as C* = OPaCa + OPbCb (8) The total change in the elemental volume can be shown to follow the equation 
(12) (13) Equation 13 has been solved analytically for a variety of boundary and initial conditions (36) . Several assumptions were made to estimate the significance of the presence of bacteria for pollutant transport: (i) log Kd = 0.52 log Kow + log F + 0.65 (4); (ii) Va = Vb; and (iii) dispersion in equation 13 was ignored (Fig. 3) , which yields ac* aC* R*-=-V* at ax (14) Rearranging equation 14 gives the apparent velocity of the pollutant (15) We define the relative mobility as the ratio between the apparent velocities with and without bacteria present. R* and VF can be expressed in terms of constant system parameters and Kp and Kd (equations 6, 7, 10, and 12).
